ABSTRACT We present evidence that the polar, matrixforming osteoblasts are connected laterally to form an impervious layer of cells. Next, the possible mechanisms by which calcium ions are translocated across the layer of cells into sites of mineralization are analyzed. Finally,
INTRODUCTION
Bone is comprised of a large extracellular phase that is formed, maintained, and remodeled by three types of cells: osteoblasts, osteocytes, and osteoclasts. Although much remains to be learned about the function and control of these cells, considerable insight has been gained with the successful development of techniques for cell isolation and purification to near homogeneity, particularly so in the case of osteoblasts and osteoclasts. Further, osteoblasts have been amenable to the development of a number of cell lines that appear to retain many, if not most, of the osteoblast phenotypic characteristics. Cell culture systems for expanding homogeneous primary osteoblast populations derived from several types of bone across a broad spectrum of vertebrates have been developed since the mid-1970s (Majeska, 1996) . Osteoblasts derived from 2-to 3-wk-old chicken tibia proliferate to confluency and reach maturity more rapidly in culture than cells from slower-growing mammals . For osteoclasts, isolation proved more difficult, in part because these multinucleate cells are terminally differentiated. Even though two or so decades have passed, the only source of large amounts of highly pure osteoclast preparations are from avian bones, i.e., medullary bone of laying hens, endosteal long bone surfaces of embryonic chick, and 2-to 3-wk posthatch chicks. Details of these methods can be found elsewhere (Gay, 1988; Osdoby et al., 1992) . Osteocytes, being derived from osteoblasts that 1 Supported by NIH Grant No. DE09459.
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mechanisms of attachment of bone-resorbing osteoclasts are considered. Osteoclasts adhere to matrix, in part, though an arginine-glycine-aspartic acid (RGD)-dependent mechanism. Adherence is under control of parathyroid hormone and 17β-estradiol. have become completely surrounded by matrix, have been extremely difficult to isolate and culture. However, good progress is now being made (Nijweide et al., 1996) .
In this paper a brief overview of the roles of osteoblasts and osteoclasts will be provided. This overview will be followed by a more in-depth discussion of ongoing studies from this laboratory on cellular mechanisms of calcium deposition by osteoblasts and on mechanisms of attachment and activation of osteoclasts that are especially relevant to medullary bone.
THE ROLE OF OSTEOBLASTS IN MINERALIZATION
Osteoblasts are present on surfaces of bone where active bone formation is occurring. Inactive surfaces are also believed to be covered with cells, specifically quiescent osteoblasts and bone lining cells. The latter cells are presumed to be readily transformable into osteoblasts. Osteoblasts when active are plump, cuboidal cells that are enriched with endoplasmic reticulum, a characteristic of cells synthesizing large volumes of protein. Osteoblasts are notably asymmetric, having the capacity to secrete bone matrix on one face and to respond to regulatory signals on their contralateral, matrix-facing surface (Figure 1) . Osteoblasts secrete a calcifiable matrix, which is mainly collagen but also contains 10 to 15% noncollagenous proteins including osteopontin, osteonectin, bone sialoprotein, and osteocalcin (Robey, 1996) . In addition, a small amount of proteoglycan is present. Another imAbbreviation Key: bFGF = basic fibroblast growth factor, pmCaATPase = plasma membrane calcium-ATPase, PTH = parathyroid hormone, RGD = arginine-glycine-aspartic acid.
FIGURE 1. This diagram shows several features of osteoblasts that contribute to the polarity of these cells, i.e., secretion of matrix components, location of plasma membrane Ca ATPase (Akisaka et al., 1988) , and location of Na/Ca exchange protein (Stains and Gay, 1998) . Evidence for lateral adherence of the cells, to form a functional monolayer, is presented in the text. Open arrows depict a putative route of transcellular calcium flux: (a) Ca ++ entry through calcium channels, (b) intracellular transport by an as yet undefined mechanism, and (c) Ca ++ export through Na/Ca exchange. Specific inhibition of the exchanger blocks mineralization (Stains and Gay, 1999) . On the contralateral surface, plasma membrane Ca ATPase (solid arrow) also supports Ca ++ efflux , but due to the position of this enzyme, it cannot directly support mineralization. pmCA = ᭺; NCX = ᭹.
portant role of osteoblasts is to secrete autocrine and paracrine factors, the latter serving to regulate osteoclasts. Several lines of evidence support the concept that individual osteoblasts are tightly adherent to each other and, thereby, create an impervious sheet that defines a bone fluid compartment. The first indications for a distinct bone fluid compartment was suggested by Neuman and colleagues on the basis that fluid expressed from bone was unusually rich in potassium (Geisler and Neuman, 1968; Canas et al., 1969) . A study using lanthanum ions (La +++ ), a heavy metal ion that cannot enter cells, to identify extracellular fluid compartments revealed that La +++ could penetrate into the matrix during early osteogenesis but was excluded from osteoid after mineralization had begun (Soares et al., 1992) . Other evidence that osteoblasts adhere laterally was provided by a study of fluid flow across a sheet of cultured osteoblasts. It was found that rates of fluid flow between osteoblasts was even lower than has been reported for capillary endothelial cells (Hillsley and Frangos, 1996) . Mechanisms by which osteoblasts adhere to one another are beginning to be defined; gap junctions have been reported from electron microscopic and cell culture studies (Doty, 1981; Molen et al., 1996) . Osteoblasts have been shown to express OB-cadherin and E-cadherin, calcium-dependent adhesive proteins (Okazaki et al., 1994; Babich and Foti, 1994) , and we have preliminary immunocytochemical evidence using an antibody to E-cadherin that this adhesive protein is present between osteoblasts at sites of contact. Bone matrix becomes calcified as calcium and phosphate ions reach the correct concentration to precipitate on and in the vicinity of collagen fibrils. Phosphate, a major buffer in tissue, is nonlimiting. Ca ++ gains access to sites of mineralization by passing, in an as yet undefined manner, through the osteoblast layer. Because of the evidence that osteoblasts form tight connections with each other, we have focused on the possibility that Ca ++ moves through, rather than between, osteoblasts. Transcellular transport of calcium is known to occur in many tissues, including intestine, kidney, chorioallantois, and shell gland. These tissues can be looked upon as models for gaining insight into mechanisms that may exist in osteoblasts. There are two known mechanisms for moving Ca out of cells, plasma membrane calcium ATP-ase (pmCa-ATPase) and Na/Ca exchange protein (Missiaen et al., 1991) . As shown in Figure 1 , both of these proteins are present in osteoblasts, and they help to define the functional asymmetry of osteoblasts. With ultrastructural histochemical staining, we have found pmCa-ATPase on the marrow-facing side of osteoblasts (Akisaka et al., 1988) and have shown that pmCa-ATPase pumps Ca to the cell exterior, into the marrow space, at a rate similar to that reported for red blood cells (Gay and Lloyd, 1995) . Na/ Ca exchange protein is also asymmetrically located in osteoblasts; it occupies the lateral and matrix-facing regions of the plasma membrane (Stains and Gay, 1998) . If the exchanger is specifically inhibited, mineralization is blocked (Stains and Gay, 1999) , indicating that the exchanger functions to translocate Ca into sites undergoing mineralization. Pieces of the puzzle that remain to be solved in the transosteoblast movement of Ca ++ are to identify the mechanism of Ca ++ entry into osteoblasts and to determine the means by which Ca ++ traverses the cells.
Candidates for entry are L-type, T-type, and mechanosensitive Ca channels, all of which have been found in osteoblasts (Duncan et al., 1998) . Currently, our studies have utilized osteoblasts derived from 2-to 3-wk-old chick tibial periosteum. Medullary bone osteoblasts have received little attention but should be investigated because the daily turnover that medullary bone undergoes provides a model in which precise timing and massive movement of mineral occurs.
STUDIES OF OSTEOCLAST ADHESION
Release of Ca ++ from bone is dependent on osteoclasts gaining access to bone surfaces to maintain plasma Ca ++ levels, to provide Ca ++ for egg shell formation, and for renewal of the extracellular phase of bone through the remodeling process. Histologic analysis has made it clear that osteoclasts can readily associate with bone surfaces and osteoblasts move aside to create spaces for the osteoclasts. This raises intriguing questions: How do osteoblasts detach from one another? What signals are involved that lead to osteoblast and osteoclast movement? Data available from studies on other tissues make it possible to speculate on possible signaling and locomotion mechanisms occurring in bone and to begin to design insightful studies of bone cells. As indicated previously, known osteoblast association factors include gap junctions and the adhesive protein, cadherin. Interestingly, a study on MC3T3-E1 cells, an osteoblast cell line, indicates that gap junctions are downregulated by basic fibroblast growth factor (bFGF) and a phorbol ester, both of which are mitogens (ShiokawaSawada et al., 1997) . Clearly gap-junction contacts would have to disappear if the cells are to detach from one another as osteoclasts gain access. Further investigation is needed in this area. Association between cadherin molecules could be regulated by local Ca ++ concentrations.
Once an osteoclast has gained access to a bone surface, two events need to occur: attachment and activation. One mechanism of attachment that has been identified is through α v β 3 integrin, which recognizes arginine-glycineaspartic acid (RGD) motifs (Horton et al., 1991; Miyauchi et al., 1991; Flores et al., 1992) . Bone matrix proteins present in relative abundance that contain RGD sequences include osteopontin, bone sialoprotein, and type I collagen. When osteoclasts bind to osteopontin through α v β 3 integrin, cytoskeletal rearrangements and induction of bone resorption are elicited (Teitelbaum et al., 1995) . Building on this data, Sugiyama et al. (1999) isolated osteoclasts from medullary bone of hens at two opposing phases of the egg-laying cycle. When an eggshell was being formed, bone resorption was in full swing, and a population of active osteoclasts were obtained. Conversely, when an eggshell was not undergoing calcification (egg in magnum or no egg in any segment of the oviduct), osteoclasts were quiesent as medullary bone was being replenished by osteoblast action. Active osteoclasts were found to bind to slices of bovine cortical bone 6.8 times more frequently than inactive osteoclasts. The adherence of active osteoclasts was enhanced (∼50%) by parathyroid hormone (PTH) treatment, and inactive osteoclasts adherence was diminished (∼40%) by 17β-estradiol. Inclusion of GRGDSP peptide, to block binding through the α v β 3 integrin on osteoclast surfaces, abolished the PTH effect and reduced binding of control cells to the same level of binding caused by 17β-estradiol. This study demonstrated that binding of osteoclasts to RGD sequence motifs in bone matrix is under hormonal control. The study also shows that osteoclast binding to matrix occurs only in part through the α v β 3 integrin.
Another means of osteoclast binding to its substrate has been reported, namely through a cell surface receptor, CD44 (Nakamura et al., 1997) . CD44 is found on the surface of many cells and is thought to be a hyaluronate receptor. CD44 has been shown to serve as a homing receptor for lymphocytes as well as participating in a variety of cell-cell and cell-matrix interactions. In a histological study of mouse tibae, CD44 in osteoclasts has been shown to colocalize with osteopontin in the underlying matrix. Binding of CD-44 to osteopontin occurs in an RGD-independent manner (Weber et al., 1996) . Other ligands for CD44 include type I collagen (Carter and Wayner, 1988) , fibronectin (Jalkanen and Jalkanen, 1992) , hyaluronate, and osteopontin. The distribution of CD44 in osteoclasts shifts with calcitonin treatment (Nakamura et al., 1997) . It is well established that calcitonin inactivates osteoclasts by causing loss of cell polarity through detachment and rounding up of the cells. It would be interesting to localize CD44 in medullary bone for both bone formative and resorptive phases and to determine the extent to which CD44 supports adherence of osteoclasts to matrix.
Osteoclasts that have attached to bone surfaces are poised to secrete acid (HCl) and proteolytic enzymes (Gay, 1992; Delaissé and Vaes, 1992) , into the resorption lacuna, the sealed region beneath the osteoclasts. We have reported that PTH enhances acid production and that 17β-estradiol blocks the process (Gay et al., 1993) . Thus, not only do these two hormones regulate attachment, as described above, they also regulate cell activity.
Where are the PTH and estradiol receptors? For PTH, much evidence points to indirect regulation of osteoclasts through receptors found on osteoblasts. However, osteoclasts also appear to contain PTH receptors. Several studies using highly purified preparations of osteoclasts have observed a PTH effect (Gay et al., 1993; May and Gay, 1997a,b; Sugiyama et al., 1999) . Immunostaining of PTH (Rao et al., 1983) and specific binding of 125 I-PTH and fluorescence-tagged PTH to osteoclasts has been reported Agarwala and Gay, 1992) . Reports of nuclear estrogen receptor for both osteoblasts and osteoclasts (Harris et al., 1996) have been published. In addition, plasma membrane receptors for both cell types have been defined (Lieberherr et al., 1993; Brubaker and Gay, 1994 ). The precise mechanisms of PTH and 17β-estradiol regulation of osteoclasts remains to be defined. Even when this has been accomplished, it is likely to represent only a portion of the whole story. A complex interplay of several factors is likely to be what actually occurs.
